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E-mail address: kuhnen@fsc.ufsc.br (C.A. Kuhnen).The reaction mechanism of the acid-catalyzed transesteriﬁcation reaction of butyric acid triglyceride was
studied employing the Density Functional Theory (DFT). Three different pathways were considered for
the three steps of the transesteriﬁcation. Each step of the reaction proceeds through a concerted mech-
anism with one single transition state and without the formation of a tetrahedral intermediate. For tran-
sition states at each step of the reaction, bond formation was observed between the carbonyl carbon and
the oxygen of the incoming nucleophilic and bond breaking between this carbon and the oxygen of the
leaving group. This occurs concomitantly with proton transfer from the nucleophilic oxygen to the oxy-
gen of the leaving group. Bond order analysis revealed the degree of bond breaking and formation in tran-
sition states which are stabilized through interactions with both attacking and leaving groups. DFT
results show that the transesteriﬁcation of the center ester bond followed by the subsequent transeste-
riﬁcation of the outside ester bonds is most probably the pathway through which the reaction proceeds.
 2011 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
Biodiesel consists of fatty acid alkyl esters derived from renew-
able energy sources such as animal fats and mainly vegetable oils.
Biodiesel is biodegradable, non-toxic and non-inﬂammable, and
has a good combustion-emission proﬁle with less carbon monox-
ide and unburned hydrocarbons when compared to fossil fuels,
as well as no sulfur dioxide production. Nowadays, there is consid-
erable interest in developing alternative energy sources, such as
hydrogen cells, solar energy, wind power and biodiesel to achieve
solutions to environmental and economic problems related to the
depletion of limited fossil fuels due to the rapid growth in popula-
tion coupled with industrial and technological developments. The
recent Fukushima nuclear reactor accident in Japan has brought
additional concerns regarding energy supplies, reinforcing the
urgency associated with the need to ﬁnd alternative sustainable
energy sources. Biodiesel is a very promising alternative fuel, since
the technologies related to other alternative fuel sources are still in
the developing stage and the costs of applying them are high.
Transesteriﬁcation reactions (alcoholysis of carboxylic esters) are
the main process used to obtain this important source of energy.
They are performed under basic or acid conditions involving the
reaction of alkyl alcohol with vegetable oils or animal fats to yield
monoalkyl esters and glycerol. In the last 10 years increasing en-
ergy needs has led to a renewed focus on vegetable oils and animallsevier OA license. fats to make biodiesel, as shown by the vast number of publica-
tions which have appeared in this ﬁeld of research [1–8].
Many recent experimental studies have focused on enhancing
the biodiesel production yield, along with reducing the reaction
time and the use of cheaper raw materials. The alkaline-catalyzed
transesteriﬁcation process is usually the method adopted for large
scale biodiesel production. If a high content of free fatty acids is
present, as in low-cost raw materials or in waste frying oils, then
an acid catalyst must be employed [3]. To overcome the character-
istic reaction drawbacks associated with acid-catalyzed transeste-
riﬁcation of triacylglyceride, such as long reaction time and higher
temperatures, our group has been using microwave radiation to
induce the reactions [5]. In fact, microwaves are known to have a
high synthesis potential [6]. In this regard, the application of
microwave heating has been reported as a fast and easy method
to obtain biodiesel [7] employing homogeneous alkaline-catalyzed
reactions, heterogeneous catalysts and homogeneous acid-
catalyzed reactions [8]. In the latter case, the acid-catalyzed
ethanol transesteriﬁcation induced by microwaves may be a viable
alternative technology for ethyl biodiesel production, especially in
Brazil, one of the world’s largest producers of ethanol.
On the other hand few theoretical calculations have been re-
ported concerning the reaction mechanism of the transesteriﬁca-
tion of long chain triacylglycerides to produce biodiesel using a
high level of theory. Recently, the alkaline-catalyzed transesteriﬁ-
cation of palmitic, oleic and linoleic acid monoacylglycerides was
investigated by means of AM1 calculations [9] and DFT calcula-



















Scheme 1. General equation for the transesteriﬁcation of triglycerides.
474 L. Zaramello et al. / Fuel 94 (2012) 473–479the pentylic acid monoglyceride [10]. Hartree–Fock (HF) calcula-
tions using the STO-3G basis set were performed [11] to study
the alkaline-catalyzed transesteriﬁcation of homologous triacyl-
glycerides, from C4 (butyric acid) to C18 (oleic and linoleic acid).
Concerning acid catalysis, a DFT calculation was recently reported
[12] for the methanolysis and hydrolysis of glycerol triacetate as a
model compound of a triacylglycerol. To the best of our knowledge
there is no other theoretical study available concerning ab initio HF
or Density Functional Theory (DFT) calculations for acid-catalyzed
transesteriﬁcation of triacylglycerides. Thus, this study attempts to
better understand, through DFT calculations, the reaction mecha-
nism of acid-catalyzed ethanolysis of butyric acid triacylglyceride,
affording ethyl butanoate and glycerol. The general equation in
Scheme 1 represents the transesteriﬁcation reaction that consists
of three equivalent, consecutive, and reversible reactions.
The overall reaction occurs in three steps, where the triglyceride
(TG) is converted stepwise to a diglyceride (DG), a monoglyceride
(MG) and ﬁnally to glycerol (GL) and alkyl ester. At each stage one
molecule of alkyl ester is produced. This paper reports the results
for the reaction mechanism of the three steps of the transesteriﬁca-
tion, by considering the three different pathways. The ﬁrst involves
the transesteriﬁcation of the triacylgycerol C-1 or C-3 ester bond fol-
lowed by the transesteriﬁcation of the C-2 ester bond and the other
C-1 or C-3 ester bond (namely, pathway 123). The second pathway
considers the transesteriﬁcationof the triacylglycerol C-2 ester bond
followedby the subsequent transesteriﬁcationof theC-1orC-3ester
bonds (pathway 231). The third pathway consists of the transesteri-
ﬁcations of the C-1 and C-3 ester bonds followed by C-2 ester bond
transesteriﬁcation (pathway 132).2. Calculation methods
The overall transesteriﬁcation reaction with the three distinct
pathways were studied by optimizing the geometries and energies
of all compounds by means of Density Functional Theory (DFT)
employing Becke’s three parameter hybrid exchange functional,
and the Lee–Yang–Parr correlation functional (B3LYP) using the
6-31G(2d,p) basis set. To achieve a better energy description of
the reaction, MP2/6-31G(2d,p) single point calculations were
performed for the energy evaluation. These calculations were
performed using the Gaussian 03 computational package [13].
Vibrational frequency calculations were carried out on all the opti-
mized structures to conﬁrm all of the ﬁrst-order saddle points and
local minima on the potential energy surfaces. Transition states
were also conﬁrmed by viewing the motion of the imaginary
vibrational mode. Intrinsic reaction coordinate (IRC) calculations
were performed to verify the expected connections between the
ﬁrst-order saddle point and local minima on the potential energy
surfaces.3. Results and discussion
Since transesteriﬁcation represents a nucleophilic substitutionat
the carbonyl carbon, one approach is to initially consider that the
reaction proceeds via a stepwise mechanism with the formation of
one or more tetrahedral intermediate. This approach is based
on the fact that several mechanisms have been proposed forbase-catalyzed ester hydrolysis or alcoholysis and the overwhelm-
ing majority of these were described in terms of tetrahedral
intermediates. The alkaline-catalyzed alcoholysis of monoacylgly-
cerides is known to occur through stepwise mechanisms [9,11]
and the alkaline hydrolysis of esters in the gas-phase has been
investigated theoretically with ab initio methods, where reaction
pathways and energy barriers of the stepwise mechanism were
obtained [14–16]. In experimental and theoretical studies on the
transesteriﬁcation reaction and proton exchange reactions between
acetate anions and alcohols, in the gas phase,where all of the species
and rates involved in the reactions were determined by mass spec-
trometry, proton exchange was observed coupled with a transeste-
riﬁcation process which exhibits a tetrahedral intermediate, but no
tetrahedral complex was found when the methyl acetate was
attacked by themethoxide ion [17]. Therefore, based on the percep-
tion also found in textbooks [18] that, for example, the intermediacy
of a tetrahedral species is the rule for acyl transfer and that concerted
SN2-typemechanismsonly occur in exceptional situations,many at-
tempts have been made to obtain the transition and intermediate
structures, in relation to the stepwise transesteriﬁcation reaction
mechanism for the conversion of tri, di and monoglycerides.
Despite the fact that a stepwise mechanism is to be expected for
the conversion of tri, di and monoglycerides, on applying the QST2
and QST3 procedures the transition states proposed in the stepwise
mechanism were not found. Also, all attempts to form the possible
tetrahedral intermediates did not result in a gas-phase tetrahedral
intermediate. For the proposed ﬁrst intermediate, geometry opti-
mizations starting from preformed structures, with appropriate
bond lengths and angles, quickly dissociated into the reactant com-
plex (the van der Waals complex of reactants). In a similar manner,
any structure initially proposed in the search for the second inter-
mediate dissociates into the product complex. These calculations
showed that the gas-phase acid-catalyzed reaction proceeds
through one transition state, indicating that it proceeds through
a concerted mechanism. The question of whether ester alcoholysis
can be concerted or not has been addressed by a number of re-
search groups, and experimental support for a concerted mecha-
nism of acyl transfer has been evidenced [19]. Kim and Caserio
[20], based on ion cyclotron resonance (ICR) experiments, have
shown the concertedness in acyl group transfer in gas-phase reac-
tions. Also, ICR techniques reported by Takashima et al. [21]
showed, for the hydrolysis of esters, a slow isotopic oxygen ex-
change in the gas phase and their thermochemical estimates sug-
gest that the tetrahedral adduct was more likely a local
transition state rather than a stable intermediate. Brauman and
co-workers [22] on the basis of their ICR measurements later con-
cluded that for gas-phase reactions the tetrahedral structure is not
located at the energy minimum but at the saddle point for many
nucleophilic displacements. Experimental evidence of a concerted
mechanism in the acyl transfer reaction in the gas phase has been
reported by Kim and Caserio [20], and by Tiedemann and Riveros
[23] for the gas phase alcoholysis of acids and esters. In this con-
text, Fox et al. [24] reported a DFT study addressing the question
of whether nucleophilic addition to the carbonyl groups of acid
chlorides, esters and anhydrides involves an addition–elimination
pathway or proceeds by a concerted SN2-like mechanism in the ab-
sence of a tetrahedral intermediate. Their results corroborate pre-
vious suggestions that the methanolysis of acetyl chloride and of
L. Zaramello et al. / Fuel 94 (2012) 473–479 475protonated methyl acetate does not occur through the generally
accepted addition–elimination pathway. That is, the work of Fox
et al. [24] showed a concerted mechanism for the gas phase reac-
tion of the acid-catalyzed methanolysis of methyl acetate, and
even with the explicit presence of six methanol molecules a tetra-
hedral intermediate was not found.
A recent DFT calculation for gas-phase acid-catalyzed methan-
olysis of the glycerol triacetate showed that the reaction proceeds
via a one-step mechanism [12] and that it proceeds as a stepwise
mechanism with the inclusion of an explicit solvent molecule
enhancing the nucleophilicity of the nucleophile and assisting pro-
ton transfer. This is contrary to the ﬁndings of Fox et al. [24]. Lim-
panuparb et al. [12] argued that Fox et al. did not ﬁnd a stepwise
mechanism because the inclusion of an explicit solvent molecule
was neglected. In fact, as mentioned above, Fox et al. included
six methanol molecules to include solvent effects. In the study re-
ported herein many attempts were made to ﬁnd a tetrahedral
intermediate with the inclusion of one ethanol molecule to simu-
late solvent effects, but a tetrahedral intermediate was not found,
in agreement with the ﬁndings of Fox et al. [24].
Scheme 2 shows the steps found in the present calculations for
the 213 pathway (transesteriﬁcation of C-2 triacylglycerol esterTable 1
Activation DG⁄ and Gibbs energies DGstp of each concerted step in the conversion of trigly
Steps Pathway 1–2–3
B3LYP MP2
TS1 (TG? DG) 32.73 28.76
DGstp 34.76 31.31
TS2 (DG?MG) 36.44 30.72
DGstp 17.18 14.57
TS3 (MG? GL + BD) 31.25 26.15
DGstp 2.46 3.10
Scheme 2. The concerted steps in the conversionbond followed by the subsequent transesteriﬁcation of C-1 or C-3
ester bonds) in the acid catalyzed reaction of tri, di and monoglyc-
eride butyric acid, with each step as a concerted mechanism.
The activation energies (Gibbs free energy) DG⁄ and the Gibbs
energy of each step DGstp for the pathways 123, 231 and 312, ob-
tained with the DFT/B3LYP/6-31G(2d,p) calculations and correla-
tion effects accounted for with a MP2 single point calculation,
are shown in Table 1.
MP2 calculations give the lowest theoretical activation free
energies and pathways 123 and 132 give almost the same activa-
tion energies for the TG? DG and DG?MG steps, with
DG?MG > TG? DG, whereas the 231 pathway has the lowest
activation energies for these steps but now TG? DG > DG?MG.
For the pathway 231 there is a drop in the activation energy in
the step DG?MG, that is, the calculated energy barrier is
15 kcal mol1 reﬂecting speciﬁc features of the transition state
for this step, as we shall see below. The MP2 activation energies
are lower than those obtained by Limpanuparb et al. [12] where,
without the explicit presence of the solvent, they obtained barrier
heights for the concerted mechanism in both gas and solution
phases of 37.2 kcal mol1 and 35.0 kcal mol1, respectively [12].
In this context, we performed a polarizable continuum modelceride following the pathways 123, 231 and 312.
Pathway 2–3–1 Pathway 1–3–2
B3LYP MP2 B3LYP MP2
33.11 26.75 32.73 28.76
29.78 28.61 34.76 31.31
20.38 15.28 40.33 32.10
17.91 15.74 13.12 11.10
31.25 26.15 28.49 23.41
2.46 3.10 8.40 8.04
of triglyceride following the 231 pathway.
476 L. Zaramello et al. / Fuel 94 (2012) 473–479(PCM) calculation for the last step of the 123 pathway (MG? GL)
and a reduction of around 3 kcal mol1 was obtained for the activa-
tion energy (B3LYP calculation using the 6-31G(2d,p) basis set).
This reveals the need to include some solvent molecules and
PCM calculations to simulate the reaction in solution. This is
beyond the scope of the present work since our main interest is
focused on the gas phase reaction. The present calculations show
that the most probable pathway for the reaction to proceed is
the 231 pathway, that is, the transesteriﬁcation of the center
(triacylglycerol C-2) ester bond followed by the subsequent transe-
steriﬁcation of the outside (tiracylglycerol C-1 or C-3) ester bonds.
This is in agreement with the DFT calculations of Limpanuparb et
al. [12] for the acid catalyzed methanolysis of triacetin and the cal-
culations of Asakuma et al. [11] for the alkaline transesteriﬁcation
of triacylglycerides, which indicated that the ester bond at the
center (C-2) of the triacylglyceride is transesteriﬁed before the
peripheral ester bonds. The preferential attacking position of
ethanol at the center ester bond of the triacylgycerol backbone
agrees well with recent NMR measurements performed by Jin et
al. in relation to the methanolysis of vegetable oil [25].
However, in order to understand the differences in the energy
proﬁles of pathways 123, 231 and 132 it is necessary to analyze
the transition state energies obtained for each step. Fig. 1 shows
the transition states TS1 (TG? DG), TS2 (DG?MG), and TS3
(MG? GL) of Scheme 2 for the 231 pathway. In TS1 (TG? DG)
the glycerol-oxygen-carbonyl carbon bond becomes weak, as evi-
denced by the increase in the bond length from 1.320 ÅA
0
in the reac-
tant complex to 1.56 ÅA
0
in the transition state (Fig. 2a). Quantitative
information concerning bond breaking and bond formation in the
transition states can be obtained from the bond orders which are
related to the charge density between a pair of atoms [18].
Analysis of the bond order of the glycerol oxygen-carbonyl
carbon bond reveals that it changes from 1.289 in the reactantFig. 1. Transition states [DFT/B3LYP/6-31G(2d,p)] for each step of the 231 pcomplex to 0.703 in the TS1 (Fig. 1a), indicating a degree of bond
breaking of 54%, while there is 65% of bond formation between
the ethanol oxygen and carbonyl carbon in relation to the product
complex. The bond order analysis also shows that in the TS1 there
is a decrease in the double character of the C@O bond, which is in
agreement with the fact that the carbonyl carbon has one partially
broken bond and another partially formed bond. This occurs con-
comitantly with the cleavage of the ethanol oxygen–proton bond
which occurs to a degree of 44% as the bond order changes from
0.744 in ethanol (RC) to 0.329 in TS1 (Fig. 1a). The glycerol oxy-
gen-proton bond is 42% formed relative to the bond in the product
complex. Therefore, the DFT calculation gives a TS1 with a lesser
degree of bond breaking than bond formation. The transition state
found is stabilized through interactions with both attacking and
leaving groups. The present results show that this stabilization is
achieved only with a concomitant partial cleavage of the ethanol
OAH bond, resulting in more negative oxygen which intensiﬁes
the interaction with the carbonyl carbon.
Special attention should be given to the TS2 (DG?MG, Fig. 1b)
with its respective activation energy being around 10 kcal mol1
less than that of the other states. As can be seen in Fig. 1b, in
TS2 the acid proton is shared by the carbonyl oxygen and the sec-
ond oxygen of the glycerol backbone of the leaving group. Only for
the particular conﬁguration of TS2 (Fig. 1b) does the geometry fa-
vor the intramolecular H bond involving the acid proton, while for
TS1 and TS3 (Fig. 1a and c) this intra H bond is inhibited by steric
effects. This intramolecular H bond leads to a reduction of 20% in
the bond order of the acid proton–carbonyl oxygen bonding and
this H bond contributes to the reactant complex achieving a tran-
sition state structure with the least energy. The reduction in the
electronic density of this bonding is directed toward strengthening
the ethanol oxygen–carbon carbonyl bonding and weakening the
bonding with the leaving group. The transition states for each stepathway. (a) TS1 (TG? DG), (b) TS2 (DG?MG) and (c) TS3 (MG? GL).
Fig. 2. Transition states (DFT/B3LYP/6-31G(2d,p)) for each step of the 132 (a–c) and 123 (d–f) pathways: (a) and (d) TS1 (TG? DG); (b) and (e) TS2 (DG?MG); (c) and (f) TS3
(MG? GL). Above the structures are shown the draw for the transition states of the 132 pathway. Note that transition states (a) and (d) are equivalents.
L. Zaramello et al. / Fuel 94 (2012) 473–479 477of the 132 and 123 pathways are shown in Fig. 2a–f. The bond or-
der analysis reveals that the general features of the TS1, TS2 and
TS3 of pathway 231(Fig. 1) are maintained in the transition states
of Fig. 2a–f. That is, for pathways 132 and 123 the transition states
show carbonyl carbon with almost the same degree of bond forma-
tion and breaking, with incoming and leaving groups, as those ob-
tained for the transition states of the 231 pathway. As is clearly
evident, the transition state 2a (Fig. 2a) is equal to TS 2d (Fig. 2d)
and also TS3 (Fig. 1c) is equal to the transition state 2f (Fig. 2f),
since they represent the same transition states. Also, there is a con-
comitant transfer of the ethanol proton to the glycerol oxygen, as
occurs for the transition states of Fig. 1.
Due to steric effects all geometries of the transition states of
Fig. 2, from 2a to 2f, precludes any intramolecular H bond involving
the acidic proton and one oxygen of the leaving group showing
once more that this H bond occurs only in the geometry of the
TS2 (DG?MG) of the 231 pathway. This means that in the transi-
tion states found for each step of the 132 and 123 pathways the
acidic proton is more tightly bound to oxygen, as in the TS1 and
TS3 of the 231 pathway. The structures of RC, TS, PC, are given as
Supplementary data.
The fact that at each step along the three different pathways the
transition states found in the present study partially occur via a
proton exchange between the oxygen of the incoming nucleophilic
group and the oxygen of the leaving groupmerits further comments
concerning tunneling effects. It is known that tunneling effects can
lower the activation energies by an amount ranging from less than1 kcal mol1 to a few kcal mol1 [15,26,27]. Hence, it must be con-
sidered whether tunneling effects could, in principle, change the
effective activation energy, since it is expected that tunneling ef-
fects on the proton exchange are prominent. Our IRC calculations
show that the height of the energy barrier corresponding to the pro-
ton exchange, at each step along the three different pathways, is
very similar, that is, around 35%. Therefore, tunneling effects must
be prominent in acid-catalyzed reactions. A rough estimate of the
tunneling correction can be obtained using the Wigner expression
for the temperature-dependent transmission coefﬁcient in terms
of the single imaginary frequency, as recently performed by Arnaud
et al. [27] and Zhan et al. [15] where small corrections were found.
The Wigner expression may be applied when tunneling correction
is minor and the potential energy surface in the whole region
important for tunneling is well approximated by the saddle point
normal-mode expansion [28]. Although these conditions were not
completely fulﬁlled, we estimated this correction using the imagi-
nary frequency for the TS2 transition state of the 231 pathway
(1467.71 cm1). With this value the Wigner expression gives 3.09
for the transmission coefﬁcient. Using the Arrhenius equation it
was observed that the tunneling correction lowers the activation
energy by 1.0 kcal mol1. Obviously, this simple approach cannot
account for the actual potential energy surface and the tunneling
involving quantal transmission through vibrationally adiabatic
potential barriers [28]. One question that remains to be answered
relates to the inﬂuence (if any) on the tunneling effects of an exist-
ing electromagnetic energy density in the reactional environment.
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catalyzed transesteriﬁcation of vegetable oils occurs much faster
than in alkaline-catalyzed or non-catalyzed reactions [5,7,8] under
the same conditions. The above theoretical ﬁndings help us to gain
some insight regarding the experimental results of non-catalyzed
and acid- or alkaline-catalyzed reactions under microwave heating.
Firstly, the high permittivity of sulfuric acid increases the absorp-
tion of the MW radiation, leading to a faster increase in the local
temperature. Therefore, the reactants reach a high energy state
more rapidly, which allows the ﬁrst steps in the energy barrier to
be overcome. The ﬁnal steps to achieve the transition state origi-
nate from the proton transfer. On the one hand, it is known that
the tunneling probability increases with increasing energy and on
the other, strictly speaking, near and in the transition state this
exchangeable proton is not bound to any speciﬁc atom, and in the
presence of an electromagnetic energy density it can absorb energy
contributing to enhancing the tunneling effects, implying a lower-
ing of the effective activation energy which allows a qualitative
explanation as to why the catalyzed reaction proceeds faster under
MW heating than conventional heating. In this regard, it should be
observed that in the alkaline catalysis there is no proton transfer in
the reaction pathway, and thus the tunneling effects due to proton
transfer do not appear and the complex permittivity of the solution
is low, which certainly contributes to explaining the relative poor
efﬁciency of MW heating when comparing with acid catalysis. In
addition, in the non-catalyzed reaction two main facts contribute
to the very low efﬁciency of MW heating: the poor permittivity of
the solution and the very low contribution of the proton exchange
to the energy barrier height [29].4. Conclusions
Based on DFT calculations, the molecular mechanism for the
acid-catalyzed transesteriﬁcation of a triacylglyceride was dis-
cussed. Many attempts were made to obtain the intermediates of
the proposed stepwise mechanism of three equivalent, consecutive
and reversible reactions for the acid catalysis. However, the results
obtained from DFT calculations showed a concerted mechanism for
each of the three steps of the acid-catalyzed ethanolysis of the bu-
tyric acid triglyceride. Three different pathways were considered.
The DFT calculations indicate the transesteriﬁcation of the center
ester bond (C-2) followed by the subsequent transesteriﬁcation
of the outside ester bonds (231 pathway) with lower activation
energies in the triglyceride? diglyceride and diglyceride?mono-
glyceride steps as the most probable pathway for the reaction to
proceed, in agreement with recent NMR experiments. In this path-
way the diglyceride?monoglyceride step shows an activation en-
ergy that is around 10 kcal mol1 less than the other energy
barriers of this and of the other two pathways. This lowest activa-
tion energy for this step is related to the transition state with an
intramolecular H bond between the acid proton and the second
oxygen of the glycerol backbone. This intramolecular H bond oc-
curs only for the diglyceride?monoglyceride step of the 231
pathway, being inhibited by steric effects in the transition states
for the other two steps of the 231 pathway and in the transition
states pertaining to the 123 and 132 pathways. The degrees of
bond breaking and formation in the transition states, at each step
of the overall reaction of the transesteriﬁcation, were obtained
through bond order analysis. This highlighted the role of the acid
proton in the catalyzed reaction, showing that the transition states
for the triglyceride? diglyceride, diglyceride?monoglyceride,
and monoglyceride? glycerol for the three pathways have a much
greater degree of bond formation than bond cleavage, and that
they are stabilized through interactions with both attacking and
leaving groups. Therefore, in the transition states found for theacid-catalyzed transesteriﬁcation the carbonyl carbon can only be
weakly bound to the incoming nucleophilic oxygen and to the oxy-
gen of the leaving group.
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